O nly 15-20% of obese individuals with severe insulin resistance develop type 2 diabetes mellitus (T2DM). In healthy individuals, b-cell compensation ensures that enhanced glucosestimulated insulin secretion (GSIS) balances the degree of insulin resistance. However, individuals predisposed to T2DM are unable to secrete the increased insulin required to compensate for insulin resistance in order to maintain glucose and lipid homeostasis. It is unclear why certain insulin-resistant individuals compensate with enhanced islet function and b-cell hyperplasia and remain healthy, while others develop b-cell failure characterized by insulin secretory defects coupled with relative loss of b-cell mass. In this issue of Diabetes, Halperin et al.
O nly 15-20% of obese individuals with severe insulin resistance develop type 2 diabetes mellitus (T2DM). In healthy individuals, b-cell compensation ensures that enhanced glucosestimulated insulin secretion (GSIS) balances the degree of insulin resistance. However, individuals predisposed to T2DM are unable to secrete the increased insulin required to compensate for insulin resistance in order to maintain glucose and lipid homeostasis. It is unclear why certain insulin-resistant individuals compensate with enhanced islet function and b-cell hyperplasia and remain healthy, while others develop b-cell failure characterized by insulin secretory defects coupled with relative loss of b-cell mass. In this issue of Diabetes, Halperin et al. (1) highlight the potential importance for b-cell dysfunction and T2DM of insulin resistance in the islet itself. Their observations provide novel insights into the battery of insults that can adversely impact b-cell function.
The endocrine pancreas contains ;1 million islets of Langerhans that comprise 2-3% of total pancreatic mass. Major cell types include b-cells that secrete insulin and glucagon-secreting a-cells. The integrated secretory responses of islet cells exceed those of segregated islet cell lines, indicating that interactions between individual islet cells are required for normal secretory function (2) (3) (4) (5) . The actions of individual cells comprising the islet may also be modulated by responses to their own secretions.
Insulin exerts its effects in target cells through binding to and activating its cell surface receptors. This is followed by an intricate and complex web of signaling pathways beginning with tyrosine phosphorylation of intracellular substrates including the insulin receptor substrate (IRS) proteins (Fig. 1) . The finding that both the insulin receptor (IR) and the IRS proteins are expressed in rodent b-cells (6, 7) and that all downstream elements belonging to the IR signaling pathway are expressed in human pancreatic b-cells (8) led to the prospect of a potential role of the insulin signaling cascade in regulation of b-cell function and/or mass ( Fig. 1) (7) . Autocrine effects of insulin regulate b-cell mass, as demonstrated in insulin-resistant mice engineered by ablation of IR, or IRS-1, or both genes (9) (10) (11) . Disruption of insulin signaling at the level of the b-cell IR (the bIRKO mouse) did not change b-cell mass prenatally (12, 13) , but elicited age-dependent decreases in b-cell mass, with a selective loss of GSIS and b-cell insulin content, and development of a T2DM-like phenotype (14, 15) .
Insulin may also affect its own secretion. During insulin stimulation, tyrosine phosphorylation sites in IRS proteins bind specifically to SH2 domains in various downstream signaling molecules including phosphatidylinositide 3-kinase (PI3K). The stoichiometric balance between the p85 regulatory subunit (p85) of PI3K, the p110 catalytic subunit (p110) of PI3K, and the IRS proteins appears to be critical for signal transduction. Knockout of the p85a subunit (heterozygous knockout mice) improved insulin sensitivity in vivo (16, 17) . It would be predicted that the acute insulin response of the islet to glucose challenge in this knockout might be attenuated because the need to produce insulin is reduced. However, increased GSIS after inhibition of PI3K or with islets of p85-deficient mice (18, 19) suggested that, in mice at least, insulin may have an acute negative effect on b-cell GSIS coupling. In these reports, inhibition of islet PI3K led to an increase in second-phase insulin release, which is often augmented in compensatory insulin secretion as a consequence of peripheral insulin resistance.
The study by Halperin et al. (1) builds on a previous study in human subjects reporting that, in contrast to the mouse, a 4-h infusion with a form of insulin (B28 Asp-insulin) that is immunologically distinct from endogenous insulin enhances b-cell function in healthy humans (20) . Pre-exposure to exogenous insulin augmented endogenous insulin secretory responses to glucose by ;40% (Fig. 1) . A follow-up study from the same group (20) evaluated whether the acute potentiating effect of pre-exposure to insulin on GSIS in healthy subjects was modulated through effects of insulin on circulating nonesterified fatty acid (NEFA) concentrations. GSIS was assessed after 4-h saline (low insulin/sham) or isoglycemic-hyperinsulinemic (high insulin) clamps with or without intralipid and heparin infusion. Glycemia was maintained at the same stimulatory concentration in all groups. Plasma NEFA concentrations fell during hyperinsulinemic clamps, reflecting the antilipolytic action of insulin. Despite preventing a drop in circulating NEFA during the hyperinsulinemic clamp by intralipid/heparin infusion, GSIS remained augmented compared with sham clamp. It was concluded that pre-exposure to insulin potentiates GSIS independently of its effect to suppress circulating NEFA concentration in healthy humans. However, this conclusion does not exclude the possibility that acute exposure to elevated NEFA could enhance GSIS, perhaps via stimulation of G protein-coupled receptor 40 (GPR40). In contrast, an analogous study (21) testing whether insulin exposure and insulin sensitivity modulated b-cell function in healthy humans concluded that while pre-exposure to physiological hyperinsulinemia affected b-cell response to acute hyperglycemia, this response depended on the antecedent degree of insulinization in a manner consistent with the degree of whole-body insulin sensitivity. b-Cell insulin resistance was not considered the main secretory abnormality in glucoseintolerant individuals, and a primary defect in the b-cell was suggested to be responsible.
To further explore the role of secreted insulin in augmenting b-cell function, Halperin et al. (1) examined the effect of pre-exposure to insulin on GSIS in two groups of insulin-resistant subjects. The rationale was that if insulin exerts its effect on GSIS via b-cells, insulin resistance at the level of b-cell insulin signaling could affect the ability of insulin pre-exposure to augment insulin secretion. In addition to control participants with normal glucose tolerance, the study groups included subjects with impaired glucose tolerance (IGT) as well as those with T2DM. These experiments aimed to evaluate whether insulin resistance or overt T2DM impaired GSIS after an isoglycemichyperinsulinemic clamp. During dynamic testing, it was observed that insulin's ability to regulate the insulin secretory response to glucose was variable in these subjects. The effect of insulin on GSIS was only observed at the highest rate of glucose infusion-a finding that may reflect the glucose dose or duration of exposure. Supporting the concept that b-cell insulin sensitivity is variable and dependent on the degree of hyperglycemia, it has been shown that chronic (48-h) exposure of insulin-secreting bTC6 cells to high glucose decreases insulin-induced tyrosine phosphorylation of IR in the absence of any change in the expression of IR (22) . Using an insulin infusion rate to generate high physiological insulin for pre-exposure, Halperin et al. observed the clearest impairment of insulin-potentiated GSIS in the IGT group (Fig. 1) , which was also the most obese group, a finding that raises questions regarding the impact of BMI on insulin modulation of b-cell function. It should be noted that the IGT group had a greater degree of insulin resistance than the T2DM subjects. Interestingly, the loss of the effect of insulin on GSIS is restored in the T2DM subjects, albeit at a lower level of GSIS.
In conclusion, Halperin et al.
(1) present in vivo data that enhance our understanding of the autocrine effects of insulin on b-cell function. Their studies, together with those of Mari et al. (21) in healthy human subjects, raise interesting questions. Enhanced GSIS following acute insulin stimulation could potentially be maladaptive, unless it was balanced by suppressed insulin action. The effect of preexposure to insulin on augmentation of GSIS was suppressed in IGT subjects, who had lower b-cell dysfunction FIG. 1. In unstressed b-cells, insulin binding to IR, tyrosine phosphorylation of sites in the IRS proteins, and downstream signaling, including via PI3K, augment insulin secretory responses to glucose. This, combined with insulin sensitivity in peripheral target cells, will maintain normoglycemia, e.g., by enhancing GLUT4 translocation to the plasma membrane. The effect of insulin to augment GSIS is suppressed in stressed b-cells, e.g., in IGT or T2DM subjects, which combined with peripheral insulin resistance will lead to the development of hyperglycemia. SG, secretory granule.
relative to their degree of insulin resistance. That is, they were better able to secrete insulin and compensate for insulin resistance compared with the T2DM group, who retained the effect of insulin to stimulate GSIS, but who were unable to control glycemia. The latter observation could reflect a reduction in functional b-cell mass in the T2DM group. It would be informative in future studies to compare obese subjects who exhibit normal glucose tolerance to those with IGT and to compare the impact of pre-exposure to relatively high and relatively low physiological insulin levels on GSIS. One interpretation of these findings could be that insulin therapy, possibly in combination with agents ameliorating insulin resistance, could help the stressed b-cell recuperate its normal function. Indeed, as proposed by Halperin et al., insulin-sensitizing agents may exert their effects in part by restoring b-cell insulin sensitivity, thereby enhancing the capacity of the b-cell to respond to insulin with increased GSIS.
